We estimated apparent species turnover rates and richness of the zooplankton annually over a 12-year period in eight lakes in south-central Ontario. Although species richness varied little among years (CV = 13%), apparent species turnover rates averaged 16%/year. This apparent turnover varied among years and was influenced by census interval, the number of censuses, the occurrence of rare species, and lake pH. However, Monte Carlo simulations indicated that turnover attributable to sampling error was high. That is, despite high apparent turnover rates, we cannot be certain whether interannual changes in community composition result from immigration and extinction of species because sampling error could largely account for all apparent turnover. Regardless of the source of apparent turnover (sampling or immigrations and extinctions), high turnover rates imply that zooplankton biodiversity can be underestimated in short-term studies because we detect a different assemblage of species every year. Only one third of the total species pool for each lake was detected every year. Annual data underestimated long-term species pools by 33-50%.
A growing awareness of the link between environmental degradation and biotic impoverishment (Dobson et al. 1997) has accelerated the pace of development of methods to assess biodiversity (Harper and Hawksworth 1994; Heywood 1995) . Theoretical studies suggest that the species composition of island-like habitats, including lakes, is dynamic (MacArthur and Wilson 1967) . Nonetheless, there have been few assessments of the rates of influx or disappearance of species from individual lakes. Such annual variation in species composition, if significant, could seriously affect our assessments of aquatic biodiversity.
The turnover of species over time significantly influences community dynamics in terrestrial ecosystems (e.g., Schoener and Spiller 1987) . In aquatic ecosystems, it has rarely been quantified (but see McCormick and Cairns 1990; Magnuson et al. 1994; Hecnar and McCloskey 1996) . Zooplankton turnover rates have only been evaluated once. Browne (1981) estimated an average annual turnover of zooplankton species of 0.28%/year over a 50-year period in several New York lakes. Because species turnover is influenced by the length of the intercensus interval (Magnuson et al. 1994 ), Browne's (1981) estimates may not reflect annual changes in species composition. Species may have appeared and disappeared many times in the 50 years separating his two censuses (Diamond and May 1977) .
Apparent species turnover between two censuses consists of two components: actual turnover caused by immigration or extinction of species in the system during the interval between censuses and sampling error in either census. Sam-pling errors are attributable to the failure to detect a species in one or both censuses, a consequence of its rarity or patchiness in either census. Such errors can either inflate or depress immigration or extinction estimates, thereby altering estimates of apparent turnover.
Actual turnover may be influenced by many demographic and environmental factors. Demographic factors include the abundance, life span, body size, and other life history characteristics of individual species. Taxa with low abundance are more likely to go extinct than abundant species because birth and death rates vary (e.g., Schoener and Spiller 1987) . Species with longer life spans (e.g., copepods versus cladocerans) often have a lower probability of extinction; hence, turnover rates are negatively correlated with mean longevity of species (Schoener 1983) . Body size may be an important correlate of turnover because of its relationship with longevity. Finally, life history strategies that include resistant resting stages may also influence turnover rates. Changes in community composition may result from species that produce resting stages that remain inactive in sediments for more than a year (Hairston 1996) .
Species turnover rates may also be altered by both natural and anthropogenically induced environmental change. Global warming is expected to alter thermal and oxygen profiles in lakes (De Stasio et al. 1996) . Such physical changes can transform community composition by eliminating required habitats and influencing seasonal phenologies (Chen and Folt 1996) . Changes in UV-B penetration (Williamson et al. 1996) , acidity (Keller and Pitblado 1984) , and trophic status (Malley et al. 1988 ) of lakes all produce changes in community composition. In addition, there are many other factors, such as annual variation in weather patterns, timing of spring overturn, and summer mixing depth whose influence on species turnover has not been quantified.
Here, we report on annual species turnover rates for crustacean zooplankton communities in eight lakes that have been sampled over a 12-year period. These unmanipulated lakes often have been employed as reference systems for whole-lake experiments (e.g., Keller et al. 1992; Yan et al. 1996) . Most studies ignore the sampling component and assume that apparent turnover is equal to actual turnover (but see Magnuson et al. 1994; Nichols et al. 1998 ). We devised a means to quantify the potential contribution of sampling error to apparent turnover measurements. We have four specific objectives. We calculate apparent annual turnover rates, develop a method to estimate the contribution of error to apparent turnover rates, and demonstrate that apparent turnover estimates are related to sampling error. Finally, we explore possible mechanisms driving turnover rates in the lakes.
Study lakes
The eight study lakes (Table 1) are located on the Canadian Shield in south-central Ontario, Canada. Their watersheds are forested (mixed deciduous and coniferous) and have thin soils. In the past, clearcut logging was an important industry, but the last major forest clearing occurred 60-100 years ago. Today, recreation is the primary industry. The lakes differ in size, trophy, alkalinity, presence of glacial relict species (Yan and Pawson 1997) , and populations of fish and invertebrates (Table 1) . They all may be characterized as having soft, slightly acidic, and nutrient-poor wa- ters. The shorelines support between 0 (Plastic Lake) and 125 (Dickie Lake) cottages or homes; hence, the proportion of the supply of phosphorus originating in human development ranges from 0 to 60% (Dillon and Molot 1996) . Six of the lakes are dimictic and the two shallowest (Heney and Dickie Lakes) are weakly stratified or unstratified. Seven are headwater lakes, but Red Chalk Lake is downstream from Blue Chalk Lake. The zooplankton of the lakes has been monitored since 1978, primarily for use as reference sites in acidification studies (Yan et al. 1996) . Although these lakes are relatively undisturbed, there have been some changes in water chemistry. Plastic Lake has acidified somewhat, the pH falling from 5.8 to 5.6 during the study (Dillon et al. 1987) . Dickie, Chub, and Heney lakes are more acidic now than 100 years ago, based on inferences from diatom sedimentation (Hall and Smol 1996) , but their pH did not decline during the study period.
Although this database was not designed for the assessment of biodiversity, it is one of the most extensive and methodologically consistent databases available in North America. Samples were taken at least once per month each year incorporating any variation attributable to seasonal changes in species composition. Sampling and counting protocols have remained consistent since 1978. Lakes were sampled at the same location using the same gear, deployed in the same manner under the direction of the same crew chief (Robert Girard from the Ontario Ministry of the Environment). Samples were preserved, composited, subsampled, and counted using a consistent protocol by the same person (Dr. W. Geiling of Limnoservices Inc., Lansdowne, Ont.; see Yan et al. 1996) .
Zooplankton sampling
Lakes were sampled during the ice-free season from 1978 to 1989. The database has 12 years of continuous zooplankton records for six lakes and 9 or 10 years for the other two lakes. Zooplankton were generally sampled on a monthly basis after 1980 and more frequently in earlier years. We standardized the database to six samples per year for each lake by randomly choosing one sample from each month from May to October. Zooplankton were collected with a metered Dorset Research Centre plankton net at a single station located at the deepest area in the lake. The conical net had a mesh size of 80 µm and a mouth diameter of 12.5 cm. Sample volumes were calculated using measured haul filtration efficiencies, which averaged 81%.
Zooplankton were collected using a volume-weighted strategy. The net was hauled from several different depths to the surface (Yan et al. 1996) and the contents of the hauls were combined. Depths were chosen such that lake strata contributed to the composite sample in proportion to their volumes. Samples were preserved in the field with 6% buffered sugar-formalin. A minimum of 250 animals were enumerated in each sample.
Spurred by advances in biochemical and genetic analysis, cladoceran taxonomy is currently in a state of flux (e.g., DeMelo and Hebert 1994; Taylor and Hebert 1994; Colbourne and Hebert 1996; Finston 1997a, 1997b) . It is not yet clear when this pace of nomenclatural change will stabilize, nor are all the newest taxonomies readily transferable to the examination of thousands of animals in long-term studies. In consequence, we adopted a conservative approach to animal identification, admittedly predating the majority of these recent genetic-based taxonomies. All Cladocera and mature Copepoda were identified to species. Daphnia pulicaria and Daphnia pulex were combined and enumerated as D. pulex because we did not believe that they could be reliably distinguished (Dodson 1981) . Eubosmina longispina was excluded from our analysis because its identification was not consistent throughout the entire database. Nauplii and other unidentifiable juveniles (mostly copepods) were excluded from our analyses.
Each annual summary of the six samples was based on the examination of an average of 1630 (± 65 SD) individuals, approximately half of which were identified to species (711 individuals, ±72 SD). Those not identified to species were almost exclusively early-stage copepodites and nauplii. Comparisons with weekly sampling indicated that our monthly protocol detected 80% of the total species present in that particular year (Arnott et al. 1998 ).
Apparent turnover
Apparent turnover of crustacean zooplankton (between any two years) was estimated for each lake as
where I is the number of taxa appearing in the second year, E is the number of taxa lost between the censuses, S 1 is the number of taxa in year 1, S 2 is the number of taxa in year 2, and t is the number of years between the censuses (e.g., Magnuson et al. 1994 ). Because Magnuson et al. (1994) demonstrated that fish species turnover rates were dependent on sampling interval, we calculated turnover for all possible combinations of sampling intervals from 1 to 11 years. We used Jaccard's (1912) coefficient of similarity (J) to determine whether turnover led to divergence in community composition over time; J was calculated as
where a is the number of taxa common to both years, b is the number of taxa present only in year 1, and c is the number of taxa present only in year 2. Possible values range from 0 to 1, with these extremes identifying communities with totally different versus identical species lists, respectively. The calculations were performed on all possible combinations of samples for intervals ranging from 1 to 11 years.
We assessed whether communities diverged from initial conditions by determining whether there was a correlation between similarity and intercensus interval. This was assessed using Mantel's test (Sokal 1979) to generate a null distribution of the relationship between time interval and community similarity. The community matrix was generated from the similarity of all intercensus pairings. Similarity data were transformed (D = 1 − J ) and standardized so that the mean equaled 0 and the variance equaled 1. A corresponding intercensus interval matrix was also generated. The null distribution was generated by repeatedly (10 000 times) calculating the correlation between the census interval matrix and a randomized version of the similarity matrix. The statistic was then obtained by comparing the null distribution of correlations (based on the randomizations) and the measured correlation between time interval and similarity. The correlation was considered significant (not random) if the measured value was higher than 95% of the correlations obtained from the null distribution.
Error in turnover estimates
To determine the turnover rate attributed to sampling error, we conducted Monte Carlo simulations for each lake based on the probability of detecting individual species. The probability of detecting each species in each lake was calculated in two ways, assuming either a uniform or a negative binomial distribution of species across time. For both methods, we assumed that the total species pool of each lake was present every year, even though we occasionally failed to detect some species because of chance. For the uniform distribution method, we assumed that each species had a different probability of detection and that detection was independent of density. Detection was, however, dependent on the number of years that the species was actually detected in the database. For the uniform distribution method, we calculated the probability of detecting each species in each lake by solving
number of years present total years sampled .
In these calculations, species density was not used to determine the probability of detection, although density may have influenced it indirectly by influencing the number of years that the species was present. For the negative binomial distribution method, we assumed that the probability of detecting each species was based on its mean annual density. We were less likely to detect species with low abundance. We calculated the probability of detecting each species in each lake by solving
where m is the total number of individuals of the species in the six samples in the year and k is a fitted parameter (see below) dependent on aggregation. Because our sampling protocol was consistent throughout the study period, we employed the number of individuals, rather than the density of a species, to calculate p. In doing this, we generalized the equation so that it could be used for sampling methods that census indeterminate areas of habitat, e.g., gill nets for fishes.
For each species, we used one of two methods to estimate k. When a particular species was encountered in only one or two years, k was obtained by solving
where N is the number of years, f o is the number of years in which the species was not detected, and x is the mean number of individuals per year (Bliss and Fisher 1953) . In other cases, k was obtained by solving the simpler form
where x is the mean number of individuals encountered each year and s 2 is the variance of number of individuals across years (Bliss and Fisher 1953) .
For each lake, we classified species into several groups according to their probability of detection (eqs. 3-6): 0-1.0 (all species), 0-0.25 (rare species), 0.25-0.75 (intermediate), 0.75-1.0 (common species), and 0.25-1.0 (rare species removed). Species comprising each category were similar for both uniform and negative binomial distributions. For each group, we used the calculated probability of detection of each species to construct a presence/absence matrix of all species within a lake during the 12-year period. Using the presence/absence matrix, we calculated turnover using eq. 1. The matrix for each group was reconstructed and turnover was calculated 1 000 000 times to obtain a mean and distribution of turnover that we could attribute to sampling error.
Influence of species density on persistence and transition probability
We used a regression analysis to determine whether appearances and disappearances of species were related to species density. Rare species (<0.25 probability of detection) were removed from the analyses. We tested whether species persistence (the proportion of years that a species was present) and probability of changing states from present to absent and vice versa could be predicted from annual abundance of each species. Because residuals were not distributed normally, we performed an arcsine transformation on the dependent variables (persistence and transition probability). Annual abundance was log transformed to achieve linearity.
Richness estimates
We determined long-term zooplankton species richness in two ways because we wished to compare the species actually observed with an estimate of the total species pool in each lake. Cumulative richness was the total number of species actually detected in the entire sampling record. The asymptotic richness was calculated to estimate the total species pool, assuming that an infinite number of samples were available. It is based on the Walford plot (Ricker 1975) and was obtained by calculating where a plot of the mean cumulative richness at subsample size t versus mean cumulative richness at subsample size t + 1 intersects the 1:1 line. The Walford plot provides a simple method for estimating asymptotic richness that is relatively insensitive to sample size (Arnott et al. 1998) . Calculations employed the total number of available years of data (9-12 depending on the lake).
A total of 36 crustacean zooplankton species were detected in the study lakes ( Table 2 ). The mean annual richness of each lake ranged from 11.4 to 17.2 species, with an average of 15 (Table 3 ). Heney and Plastic Lakes had fewer species than the other lakes (Tukey a posteriori test, P < 0.05). Heney Lake is shallow and unstratified. Plastic Lake acidified during the record (Dillon et al. 1987) .
Throughout the 12 years, species richness in all lakes remained relatively constant. The coefficient of variation (CV) (among years) for lakes ranged from 8 to 20% and averaged 13.2%. The total number of species observed in each lake ranged from 20 to 31, with an average of 25. Hence, an average of only 60% of the cumulative species pool was detected each year (Arnott et al. 1998 ). With two exceptions, the asymptotic estimate predicted a species pool greater than the cumulative species richness over the entire sampling period (Table 3 ). If we assume that the communities were stable and not in transition to a new state, then this indicates that long sampling records are necessary to detect all species that occur in some lakes. Even after 12 years of sampling, we had recorded as little as 65% and an average of 87% of the total species pool, based on an asymptotic estimate of species richness. Only in Crosson and Red Chalk lakes was 100% of the predicted species pool actually sampled.
Species turnover
Apparent species turnover rates between adjacent years averaged 16% (± 5% SD, range from 11 to 28%) when all species were included in the analysis (Table 4 ; Fig. 1 ). Apparent turnover rates did not differ among lakes, with the exception of Heney Lake, which had a higher apparent rate than all lakes except Dickie Lake (ANOVA main effect = lake, Tukey a posteriori multiple comparison test, P < 0.05). Among-year differences in apparent turnover rates were high (Fig. 1) . The CVs ranged from 26 to 83% across time with a mean of 44%. Variance in apparent turnover differed significantly among lakes (Levene's test, P = 0.002). On average, lakes lost more species per year (2.3 species) than they gained (2.0 species) (paired t test, P = 0.01).
Apparent turnover usually altered species composition over time. Zooplankton communities in Blue Chalk, Chub, Dickie, Harp, and Plastic lakes became more dissimilar as intercensus interval increased (Table 5 ). In contrast, sequential turnover in Red Chalk, Crosson, and Heney lakes did not produce different species assemblages. Rather, the same species appeared and disappeared in our annual censuses.
Turnover attributable to sampling error
The distribution of zooplankton in our annual composites was best approximated by the negative binomial distribution. A comparison of simulated and observed temporal distributions indicated that 58 ± 12% of the taxa approximated the negative binomial distribution (Kolmogorov-Smirnov goodness-of-fit test for discrete data, P > 0.05). Fewer of the taxa (41 ± 17%) approximated a uniform distribution (Kolmogorov-Smirnov goodness-of-fit test for discrete data, P > 0.05).
In most of our study lakes, apparent turnover was equivalent to the noise attributable to sampling or sample enumeration. Only in two of the eight lakes was the apparent turnover greater than our estimate of sampling error. We are skeptical that the difference between apparent turnover and sampling turnover is a reasonable estimate of the actual turnover. However, it is clear that apparent turnover is an overestimate of the turnover that may be attributed to immigration and extinction of species.
Sampling error contributed most to apparent turnover of rare taxa. For species with a high probability of detection (>0.75), apparent turnover was greater than mean sampling turnover in two of eight lakes for both distributional assumptions (uniform and negative binomial), but was only >53-84% of the simulated values (sampling turnover) for these two lakes. For intermediate species (0.25-0.75 probability of detection), apparent turnover was higher than sampling error in five lakes assuming a negative binomial distribution and in three lakes assuming a uniform distribution. However, apparent turnover was >90% of the simulated turnover values in two of the lakes assuming a negative binomial distribution. Likewise, turnover attributed to sampling error (hereafter called "sampling turnover") was higher than apparent turnover in five and three lakes for rare spe- Note: Values for rare species (less than 25% probability of detection assuming a negative binomial distribution) are in boldface. All lakes were sampled for 12 years, except Heney and Plastic which were sampled for 9 and 10, respectively. cies assuming a negative binomial distribution or uniform distribution, respectively. When apparent turnover exceeded sampling turnover, the difference was marginal (apparent turnover greater than sampling turnover in 50-76% of the simulations). Therefore, apparent and sampling turnover were difficult to distinguish for rare species. Turnover was most readily observable in the intermediate category; rare species have high sampling turnover, and common species have low apparent turnover.
Influence of species density on persistence and transition probability
When rare species (<0.25 probability of detection) were removed from the analyses, rates of apparent species turnover were related weakly to the average abundance of species within each lake (calculated excluding nonoccurrences). Only 44% of the variation in the proportion of years that a species was detected could be explained by its abundance (P < 0.001, R 2 = 0.44). Species with high abundance tended to be present every year and those with low densities tended to be absent in several years. Similarly, the probability of transition from present to absent decreased with higher mean annual densities (P < 0.001), but density only explained 39% of the variation in the disappearance probability.
Species distributions among lakes and across years
The patterns of species presence/absence across years were bimodal; most species were either rare (occurring in <25% of the years) or common (occurring in >75% of the years) (Fig. 2) . In any year, a large group of species was detected in all eight study lakes and another large group was rare, occurring in fewer than two of the study lakes. The same species did not comprise these groups in each year, however. Mean similarity (Jaccard's coefficient of similarity) among years of the species found in all years was 0.52 ± 0.14 SD. Only two taxa, Leptodiaptomus minutus and Diaphanosoma birgei, were found in every lake every year. Of the 18 species that were permanent in at least one lake, only 10 species were permanent in >50% of the lakes. Thus, temporally common zooplankton were not necessarily widespread across the study lakes.
Zooplankton species composition commonly changes in lakes in response to experimental manipulation or environmental disturbance (e.g., Keller and Pitblado 1984; Malley et al. 1988) . We have reported high apparent turnover rates of zooplankton in each of eight lakes that, with the exception of Plastic Lake (Dillon et al. 1987) , have not been obviously disturbed. This turnover was detected even though the study was not designed to detect turnover, i.e., there was no particular focus on rare species or on disturbed lakes.
However, apparent turnover includes a large component of sampling error, i.e., the failure to detect species that were actually present. While this problem has a long history (Fisher et al. 1943) , the growing interest in global biodiversity assessment has renewed the search for its resolution (e.g., Boulinier et al. 1998) . One approach has been to adapt jackknifing procedures developed for capture-recapture population studies to estimate species richness, extinction probabilities, and colonization rates ). This technique is especially useful when variation in space exceeds that over time and there are spatial replicates for each of two censuses. We have taken an alternative approach and have focussed on "replicates" over time by using long-term data rather than spatial samples. Our method provides a new and unique estimate of turnover attributable to sampling error. By comparing turnover attributable to sampling with the apparent turnover rate, we discovered that much of the apparent turnover that we measured could be explained largely or entirely by sampling error. Even in the two lakes where the turnover attributable to sampling was less than the apparent turnover, the magnitude of this difference was small relative to the sampling turnover. High sampling turnover relative to apparent turnover indicates that apparent turnover is likely to be a gross overestimate of actual turnover, especially for communities with numerous rare taxa.
Despite the difficulty in estimating turnover attributable to immigration and extinction of species, there is still value in quantifying apparent turnover. High apparent turnover rates, such as those measured for Dorset zooplankton, have important implications for assessments of biodiversity and interannual variability in community structure. Our overall estimates of crustacean zooplankton species richness in the Dorset area were much higher than the literature values, except when comparisons were based on the number of taxa per sample (Yan and Strus 1980; Keller and Yan 1991) . Our species lists generated from a single year's pelagic samples of crustacean zooplankton (six samples) underestimated the total species pool based on 12 years of data by 33-50%. A single sample underestimated the total species pool by 55%, on average. This information may enable us to estimate long-term diversity in lakes based on limited samples. However, further studies are necessary to determine whether these results are consistent in other regions and for other taxa. Additional studies are required for littoral zooplankton (e.g., Dumont and Segers 1996) .
Apparent turnover rates were influenced by the intercensus interval. Turnover rates calculated between distant years miss the frequent appearances and disappearances of the Note: Mean annual richness was calculated over 12 years. The CV over time is given in parentheses. Cumulative richness is the total number of species found during entire sampling period. The asymptotic richness was calculated based on a Walford plot of cumulative richness at year t versus cumulative richness at year t + 1. Note: Species were divided into five categories based on either the negative binomial distribution or a uniform distribution: all species, all except rare species, rare species with a probability of detection <0.25, intermediate species with a probability of detection 0.25-0.75, and common species with a probability of detection >0.75. For categories other than "all species", species composition varies slightly depending on the distribution used. Turnover attributable to sampling was calculated using Monte Carlo simulations and assuming either a negative binomial distribution of species across time or a uniform distribution. Boldfaced turnover rates indicate where apparent turnover was greater than sampling turnover.
same species (Fig. 3) . Hence, our apparent turnover rates were much higher than those of Browne (1981) , who estimated that the zooplankton communities in central New York lakes changed at a rate of 0.28%/year over a 50-year period, an estimate many times lower than ours. This discrepancy may be attributable to the dependence of turnover rate on intercensus interval, the denominator in eq. 1, independent of changes in immigration or extinction of taxa (Diamond and May 1977) . Indeed, following Magnuson et al. (1994) , the estimate of annual turnover rate does decrease as the intercensus interval lengthens (Fig. 3) , primarily because the denominator (time) increases. If absolute, rather than the rate of, turnover is calculated (i.e., without the denominator), the dependence of turnover on intercensus interval is almost eliminated. The dependence on time changes from strongly negative to slightly positive. That is, the similarity between communities separated by 1 year is only slightly more than the similarity between communities separated by several years. This may be the result of a core group of species being present every year and the remaining species being intermittently present and absent. If we extend our turnover estimates over a longer sampling interval by using the mean annual turnover rate that we estimated and divide it by the number of years between Browne's (1981) samples, we get a turnover of 0.30% (0.24% when rare species were removed), a rate close to that calculated by Browne (1981) .
We believe that Browne (1981) underestimated turnover rate by not having annual data on gains and losses of species.
Comparison of our apparent zooplankton turnover rates with those of other organisms is complicated because turnover rate is influenced by a number of factors. These include census interval, the number of census intervals included in the analysis, the occurrence of rare species, and the magnitude of sampling error. In a review of turnover studies, Schoener (1983) found that relative turnover tends to be lower for longer-lived than for shorter-lived organisms. Considering 1-year census intervals and 12 intervals, our apparent turnover rate estimates average 16%/year (including all species) and 12%/year (rare species excluded). Ignoring sampling error (as did Schoener 1983), our crustacean zooplankton turnover falls somewhere between Schoener's (1983) estimates for arthropods (25-60%) and terrestrial vertebrates (0.1-5%). If we consider the magnitude of sampling error, we realize that such a comparison among taxa is meaningless because much of the apparent zooplankton turnover can be attributed to sampling error. High sampling error in zooplankton leads us to suspect that sampling error Note: Years between sampling dates ranged from 1 to 11. In lakes (boldfaced) with P < 0.05, the species composition became more dissimilar as the interval between sampling increased. Fig. 2 . Mean temporal distributions of crustacean zooplankton in the eight study lakes. Because each lake had a similar distribution pattern, we plotted the average distribution across the eight study lakes. The black portion of the 76-100% category indicates the percentage of species that were detected every year (100% of the years). Error bars are 1 SE of the mean, based on eight lakes.
may also be important in other taxa. Therefore, Schoener's (1983) conclusion that turnover is allometrically scaled may be an artifact caused by variation among species in sampling turnover. Without quantifying the relative contribution of sampling error to apparent turnover of other taxa, we cannot attribute differences in apparent turnover to differences in life history characteristics. Standardized comparisons among taxa that determine the magnitude of sampling error are required to verify the relationship between turnover rate and size or generation time.
Explanations of species turnover
Appearances and (or) disappearances of species from censuses can be caused by several mechanisms, including some that are artifactual in nature. Artifactual mechanisms include (i) chance detection of rare species and (ii) variation in population densities above and below detection limits because of changes in abundance or spatial distribution. The actual mechanisms include (i) arial dispersal of zooplankton among lakes (Jenkins 1995) , (ii) downstream dispersal of zooplankton between lakes, (iii) human introductions of exotic and native taxa (Yan and Pawson 1997) , (iv) emergence of zooplankton from sediment egg banks (Hairston 1996) , (v) extinctions resulting from environmental disturbances, (vi) chance extinctions related to random variation in birth and death rates, and (vii) unusual weather or climatic conditions .
Some of these mechanisms are probably not important drivers of turnover in our study lakes. The only exotic species that has invaded our study lakes (Bythotrephes cederstroemi) arrived in Harp Lake in 1993, i.e., after our study period (Yan and Pawson 1997) . Hence, turnover was not influenced by the arrival of distant exotics.
Similarly, turnover is probably not related to direct human traffic among lakes. The Spearman's rank correlation between apparent turnover and the number of dwellings (a surrogate of use and travel) on each lake is very low, at -0.03.
Sampling frequency is an important contributor to both apparent and sampling turnover in our data set. We compared turnover rates for the complete data set in 1978 and 1979 with those of our subset of six samples per year for six lakes (Table 6 ). On average, we found four additional species in the complete database in 1978 and three additional species in 1979. Apparent turnover rates tended to be higher when using the complete database, except for Dickie Lake (Table 6 ). Because of the increased number of samples in each year, sampling turnover (i.e., error) was lower for the complete database, averaging 5.8 versus 15.8% for the sixsample subset. The combination of higher apparent turnover rates and lower sampling error resulted in a relatively large difference between apparent and sampling turnover in the five lakes between 1978 and 1979 when the complete database was considered. Therefore, it appears that our sixsample subset of data provides conservative estimates of the importance of sampling error when compared with a more intensively sampled data set available only in the first few years. This suggests that actual turnover of zooplankton may be quite common in unmanipulated Shield lakes and that annual changes in species composition are more common than suggested by our calculations using the six-sample subset of data.
Other mechanisms may be important drivers of species turnover in our study lakes. Downstream dispersal of taxa from Blue Chalk Lake to Red Chalk Lake could contribute to turnover. We did observe a larger difference between apparent turnover and potential sampling turnover rates in Red Chalk Lake (the only second-order lake) than in all other study lakes, except Heney Lake.
Changes in acidity probably influenced annual turnover rates. Five of our study lakes had pH <6.0, the threshold commonly accepted for adverse effects of acidification on zooplankton (e.g., Havens et al. 1993) . Apparent species turnover rates were higher in the five lakes with pH <6 than in the three nonacid lakes (P = 0.001). This difference resulted primarily from differences in richness (species richness was lower in acid lakes than in nonacid lakes, P < 0.001) and higher apparent immigration rates to the acid lakes (P = 0.023). Apparent extinction rates were marginally greater in acid lakes (P = 0.057).
Temporal changes in species composition provide further evidence of the potential importance of environmental conditions as drivers of species turnover. Two lakes with increasing dissimilarity in zooplankton composition (measured using Jaccard's coefficient of similarity) underwent substantial chemical changes from 1979 to 1985. Plastic Lake acidified from pH 5.8 to 5.6 (Dillon et al. 1987 ) and total phosphorus concentrations fell by 40% in Dickie Lake (P. Dillon, personal communication) . Declines in pH in Crosson and Chub lakes may have occurred since pre-1850 (Hall and Smol 1996) , although there were no detectable changes during this study period. 3 . Mean apparent turnover rates based on all possible combinations of each sampling interval. Rare species (<25% probability of detection) were not included in this analysis. The broken line represents the mean apparent turnover rate between adjacent years for all eight study lakes. The solid circles indicate the turnover rate as the number of years between samples increases (T = 100(I + E)/(S 1 + S 2 )t). The open circles represent the turnover rate if the number of years between samples is not accounted for (T = 100(I + E)/(S 1 + S 2 )). The solid line is the mean annual turnover rate divided by an increasing number of years (mean turnover/t). Error bars represent 1 SE of the mean.
Implications of species turnover
The mechanism or mechanisms that regulate turnover have important implications for how lakes are monitored. If the abundance of many species fluctuated above and below limits of detection, more intense sampling programs would be required to understand community dynamics. Evidence of high dispersal from nearby lakes would necessitate a shift in conceptual focus from individual lakes to lake regions. Rather than determining how individual lakes are affected by anthropogenic disturbances, it would be more important to determine how an entire region, the source of colonists, is affected and whether a diverse source of potential recruits is maintained. On the other hand, if the sediments were the primary source of colonists, factors that influence the probability of emergence, such as the rate of sedimentation, the mixing of sediments, and the duration of the disturbance to the lake, would be important in determining prospects for recovery of damaged lakes.
The annual gains and losses of species that we observed resulted from a combination of several mechanisms. Our Monte Carlo simulations suggested that sampling error is a large component of the measured turnover, especially for rare species. However, not all apparent turnover was accounted for by our estimates of sampling error, suggesting that zooplankton species structure can change, even in relatively undisturbed lakes.
